The overall temperature coefficient of reactivity of VHTRC-1 core was measured at the Very High Temperature Reactor Critical Assembly (VHTRC) to examine the calculation accuracy of temperature dependent neutronic characteristics of the High Temperature Engineering Test Reactor (HTTR).
INTRODUCTION
The core temperature of the high-temperature gas-cooled reactor (HTGR) changes largely between cold shut-down state and hot normaloperating state. The large change of core temperature means the large change of reactivity due to neutron spectrum shift, Doppler effect and so on. The temperature coefficient of reactivity is therefore very important in the view-point of nuclear safety and economics : The reactor must have proper shut-down margin and excess reactivity sufficient for maintaining criticality during operation.
The measurements of temperature dependence of reactivity related to the HTGR have been performed at various facilities(1)~ (6) . Most of early works were carried out using the core loaded with highly-enriched uranium (HEU) fuel. For example, the overall temperature coefficient of reactivity was measured from room temperature to ~250dc at a critical assembly for the Peach Bottom HTGR, where the core was loaded with 93%-enriched U308-graphite and ThO2-graphite mixturesw. Recently, the physics research for HTGR has been directed toward the core using lowenriched uranium (LEU) fuel rather than HEU fuel with thorium fertile material, mainly in the view of nuclear nonproliferation. This trend is reflected in the experiments at the AVR core(4) (7) in which the original HEU fuel pebbles have been partially replaced with LEU ones and at the CESAR-II core (8) in which the integral tests of Pu cross section have been tried in the zone mock-up of LEU HTGR core. No experimental works for temperature dependence of reactivity, however, have been reported on a clean HTGR core fully loaded with LEU fuel.
The High Temperature Engineering Test Reactor (HTTR) (9) is under the licensing review to start the construction in 1990. The core of HTTR consists of pin-in-block type fuel using coated particles of low-enriched UO2 of which the average enrichment is about 6%. A critical assembly Very High Temperature Reactor Critical Assembly (VHTRC)(10) was constructed for the purpose of examining the neutronic design accuracy of the HTTR core, where the temperature coefficient of reactivity is considered to be one of the very important items for the validation of calculation methods.
The present paper describes the experimental results on the overall temperature coefficient of reactivity of the VHTRC-1 core which was loaded mainly with 4% enricheduranium coated-particle fuel. The whole assembly was heated by electric heaters and the reactivity change due to the temperature rise up to 200dc was measured by the pulsed neutron method to determine the overall temperature coefficient of reactivity in isothermal condition. Numerical analysis results were also described making comparisons with the experimental ones.
II. EXPERIMENT
Critical Assembly
The VHTRC is an LEU fueled and graphite moderated critical assembly. The description of the assembly is given in detail in Ref. (10) , and the geometrical configuration will be mainly outlined here.
The assembly has a shape of hexagonal prism (2.4 m across the flats and 2.4 m long) and it can be horizontally split into two equal half assemblies of which one is fixed and the other is movable. Each half is constructed with graphite blocks which are also hexagonal except outermost reflector blocks being trapezoidal. A fuel block has 19 holes into which fuel rods, graphite rods, burnable poison simulation rods, etc. can be inserted according to experiments.
Reflector blocks are classified into two types ; (1) blocks having three large holes for HTTR mock-up control rods, and (2) blocks having one hole for multi-purpose usage such as for the insertion of electric heaters.
A fuel rod is a stack of fuel compacts packed in a cylindrical graphite sheath which is 47 mm in O. D., 5 mm thick and 732 mm long.
In The C/235U atomic ratio in the core region is about 8,600. The addition of twelve B-2 type fuel rods in one outer column was inevitable for other experimental purposes.
Equipments for Pulsed
Neutron Experiment As shown in Fig. 1 , the target of a pulsed neutron source (PNS) was placed at the position about 30 cm from the back-surface of the fixed half and on the core axis.
Four small BF, counters were inserted into counter holes 11 mm in diameter made in the graphite rods.
Two of the counters were placed in the fixed half and the other two in the movable half. The positions of these counters were 40 cm distant from the facing plane and 52 cm from the core axis.
Equipments for Assembly Heating
The assembly is entirely covered with thermal insulator. Figure 2 shows the distri- the symmetry between the halves. The fourteen TCs (TC1~TC14) were distributed in the vertical plane at 20 cm distant from the facing plane and the other three TCs (TC15 TC17) were distributed in the axial direction along a graphite rod. In the course of experiments the equilibrium temperature distribution was obtained by switching on or off the two groups of upper 18 and lower 22 heaters, independently. The standard deviation of temperature distribution measured with the fourteen TCs (TC1~TC14) was about 1dc in the temperature equilibrium.
In Fig. 2 are also shown the typical deviations of TC readings from the average during the experiment at 200dc.
In this paper, the term "assembly temperature" refers to the average temperature over the fourteen TCs.
Experimental Procedure
( 1 ) Measurement of Reactivity at Reference State Before the assembly heating, the critical point at room temperature was measured 'using the control rods calibrated by the period method. The measured excess reactivity was 53.3+-0.3c at 25.5dc.
This condition was taken as the reference state of the assembly.
( 2 ) Pulsed Neutron Experiments At four steps of assembly temperatures, i. e. 70, 100, 150 and 200dc, the temperature distribution was flattened and the pulsed neutron experiments were carried out to measure the reactivity of the assembly where all control and safety rods were fully withdrawn.
The time responses of four BF3 counters after neutron pulsing were simultaneously analyzed using a multichannel analyzer with four independent inputs. Figure 3 shows the decay curves of neutron density observed with a BF, counter (detector No. 1) at different assembly temperatures.
The rapid decay with increasing temperature indicates that the subcriticality becomes deeper.
( 3 ) Determination of Reactivity The raw data of the decay curves were corrected for the system dead time (1.3 ps) and the constant background. The respective areas belonging to the delayed and prompt neutron modes Ap and Ad were determined by fitting the corrected decay curves to an analytical expression with the data processing code ALPHA-D (11) .
The area ratio Ap/Ad by Sjostrand's method (12) would give the reactivity in dollar unit if there were no effects of higher modes and kinetic distortion. These effects were however observed in the decay curves, hence a correction was made by the methodo (13) : ( 1 ) where (Ap/ Ad)corr.j and (Ap/ Ad)uncorr.j refer to the corrected and the uncorrected area-ratios at the detector position j. The quantity is the correction factor whose value was estimated by the calculation as described in Chap. III.
The reactivity value in dollar unit r(T)/ beff at each assembly temperature T was determined by averaging the corrected area-ratios over the four detectors. The reactivity value in Dk/k unit r(T) was obtained using the value of the effective delayed neutron fraction, beff =0.007287 calculated at 300 K, since the temperature dependence of beff-value was negligible in comparison with the experimental errors of the reactivity values.
( 4 ) Determination of Overall Temperature Coefficient of Reactivity The overall temperature coefficient of reactivity ar between assembly temperatures T1 and T2 was determined from ( 2 ) where dg is a small reactivity correction for the change of the gap distance between the halves. The value of dg was estimated from the gap distance monitored during the experiments and the gap-reactivity relation determined by the source-multiplication method prior to the assembly heating ; dg=0.005%Dk/k irrespective of the temperature rise from the reference state.
III . CALCULATION
Group Constants
The effective cross sections were calculated with the SRAC code system(14) using the nuclear data based on the ENDF/B-IV (16) . For the fuel region, the cell calculation was performed to get the neutron spectrum by the collision probability method using 61-group constants (22 fast and 39 thermal groups) where the thermal cut-off energy was 1.1254 eV. A fuel block containing 12 fuel rods of single enrichment of either 2 or 4% was taken as a unit cell, as shown in Fig. 4 . The double heterogeneity due to the microscopic structure of fuel compact containing coated particles was taken into account since it has strong effects on the calculation of resonance integral (16) . By using the resulted spectrum, the 61-group constants were averaged over the unit cell and collapsed into 24 groups (11 fast and 13 thermal groups). On the other hand, the asymptotic spectrum consisting of fission, inverse-of-energy and Maxwellian spectra was assumed for the reflector region. The calculations were performed at six different temperatures of 300, 325, 350, 400, 450 and 500 K available in the standard sets of the library's data. The atomic number densities for solid materials were fixed as constant for each temperature.
The thermal expansion of air was taken into account by the ideal-gas law. Another set of group constants at 500 K was prepared taking account of the thermal expansion of the assembly from 300 to 500 K. inserting control and safety rods , the gap between the halves and other loading materials such as heaters and detectors. The reactivity effects due to these loading irregularities were therefore estimated by measurements (0.77% D k/k at room temperature).
The value of overall temperature coefficient for the temperature range from T, to T2 was 
where C is a correction fort he thermal expansion of the assembly.
Effect of Thermal Expansion of Assembly
The thermal expansion of solid materials is small, and therefore the reactivity effect of thermal expansion of the assembly will be independently estimated in good accuracy.
This effect was estimated from the change of calculated keff-values due to the changes of assembly dimension and atomic number density between 300 and 500 K using the linear thermal expansion coefficients of the assembly : The measured linear thermal expansion coefficient of the graphite block was used in the axial and vertical directions, and the linear thermal expansion coefficient of steel frame deduced from the measurement at 200dc was used in the horizontal direction perpendicular to the core axis. The resulted temperature coefficient due to thermal expansion of the assembly, i. e. the quantity C in Eq. ( 3 ), was -1.0x10-5Dk/k/dc between 300 and 500 K.
Correction Factor for Effects of Higher Harmonics and Kinetic Distortion
The correction factor Li in Eq. ( 1 ) was also calculated at 350, 400, 450 and 500 K with the CITATION code using specially adjusted four-group cross sections : The effective cross sections for reflector were adjusted with adding extra content of boron as absorber so that the keff-value calculated at room temperature was equal to that determined from the measured excess reactivity.
Such adjustment was made taking account of the fact that the difference of keff-values between the four-group calculation and the experiment was nearly equal to the reactivity effects of the loading irregularities which occurred mainly in the reflector region and were neglected in the calculation. The values of fj at the different experimental temperatures were obtained by interpolation or extrapolation.
IV. RESULTS AND DISCUSSION

Measured Reactivity at Each
Assembly Temperature The results of PNS experiments at each assembly temperature are listed in Table 1 . Figure 5 shows the reactivity change from the reference state at 25.5dc.
Overall Temperature Coefficient of Reactivity
When the assembly temperature rises to 200dc, the measured reactivity decreases monotonically by 3%Dk/k, that is, the overall temperature coefficient is negative in the measured temperature range. The solid line in the same figure was obtained by the least-squares fitting for three measured values at the high temperatures.
It is observed that the temperature coefficient is smaller in absolute value near room temperature.
The calculation also gives the same tendency. Table 3 shows the overall temperature coefficient of reactivity aT between two different temperatures.
The error of temperature meas- reveals that the aT-value near room tempera- where P is the production rate, A the absorption rate and L the leakage rate. If P is made constant in spite of the change in temperature, the dependence of keff on temperature is determined from those of A and L. The overall temperature coefficient of reactivity (Dr/DT) is consequently expressed by
where (Dr/DT)A and (Dr/DT)L, represent respectively the absorption and leakage contributions. Figure 6 shows calculated values for the two contributions which are divided into fast and thermal components ; the fast component of (Dr/DT)L is negligibly small in numerical value and it is omitted in this figure. From Fig. 6 it is inferred that the positive contribution of thermal absorption reduces the absolute value of temperature coefficient and this phenomenon is enhanced at the lower temperature . Figure 7 shows the region-wise contributions of absorption to the temperature coefficient . The contribution of thermal absorption in the reflector region, which is positive , rapidly decreases with temperature, which is contrasted with the negative and almost constant contribution of absorption in the fuel region . From this reason, the moisture in the assembly was neglected in the calculation described so far.
The dry out effect of moisture such as reported in Ref. (1) was also checked experimentally by comparing the excess reactivity values before and after the assembly heating. The difference of the excess reactivity was only 1c and the dry out effect was not observed in the present experiments.
V. CONCLUSION
The overall temperature coefficient of reactivity of the VHTRC-1 core was measured in isothermal condition ranging from room temperature to 200dc by the pulsed neutron method.
The experimental results indicated that the temperature coefficient was -1.71x10-4Dk/k /dc on the average in the measured range from 25 to 200dc and the absolute value was smaller by 20% near room temperature than at the higher temperature.
The calculation by the SRAC code system using the ENDF/B-IV nuclear data well predicted the experimental results. From the detailed analyses it became clear that the smaller absolute value at the lower temperature was mainly attributed to the decrease of thermal neutron absorption in the reflector region caused by the spectrum hardening of thermal neutrons and the thermal expansion of air in the graphite material.
It is concluded that the present nuclear data and calculation method are in good accuracy to predict the temperature dependence of reactivity of the LEU fueled HTGR core in isothermal and clean condition.
